INTRODUCTION
Currently environmental regulations oblige to treat hydrogen sulphide (H2S) generated in petroleum and gas plants prior to emission to the atmosphere. The most popular utilized technology is the Claus Process [1] . However, all H2S could not be converted because of thermodynamic limitations.
Various commercial processes have been used to treat tail gases from Claus
Process [2] [3] [4] . Among these processes, the most attractive is the selective oxidation of H2S to elemental sulfur by using oxygen from air [2] . However, the S oxidation to SO2 must be avoided, for this reasons selective catalysts are required.
Vanadium oxide based materials constitute an interesting group of catalysts which have been reported recently as potential catalysts for the partial oxidation of H2S to sulfur [5] [6] [7] [8] [9] [10] [11] [12] [13] . The supported vanadium oxide has been the most studied catalysts. It is known that the characteristics of metal oxide support and the nature of vanadium species strongly influence the catalytic performance of supported vanadium catalysts.
Regarding vanadium species, catalysts with low V-loadings show important catalyst decay, especially when working at reaction temperatures below 240 ºC [11] . However, supported vanadium oxide catalysts presenting V2O5 crystallites are more stable, as a consequence of the partial reduction of V2O5 to V4O9 which can be proposed as the active and selective crystalline phase when working at reaction temperatures lower than 240 ºC [11] . In both unsupported and supported V2O5-containing catalysts, the formation of V4O9 during the oxidation reaction has been confirmed by operando and in-situ conditions using Raman and XAS spectroscopies, respectively [12] .
In the last years, new materials have been developed for various catalytic applications. Among them, clays are widely used as a catalysts or catalytic supports due 4 to their abundance, low cost, and unique properties, but their use is limited due to their low porosity and poor thermal stability. But these problems currently have been solved through certain modifications, among which the pillaring process provides porosity and high thermal stability. Pillared interlayered clays (PILCs) form a well-known family of microporous and mesoporous materials [14] . Among these materials, porous clay heterostuctures (PCH), this were synthesized for the first time by Galarneau et al. [15] , are a good catalytic support, because these materials present a surface acidity. Acid centres are located on surface of the clay layers. Moreover, the acidity of the PCH materials can be increased by incorporation of the suitable cations into the silica walls [16] [17] [18] . So the properties of these materials can be changed depending on the features required for the reactions. In the last years, PILCs have been used as a supports for the selective oxidation of H2S to S [10, 19] .
In this paper, we present the synthesis, characterization and catalytic activity for the selective oxidation of H2S to S over vanadium oxide supports on a porous clay heterostructures (PCH). The used catalysts will be studied to evaluate changes in the structure and vanadium oxidation state after reaction.
EXPERIMENTAL

Catalyst preparation
The raw bentonite was obtained from "Sierra de Níjar", supplied by Minas de Gador S.A. This material was previously characterized in several researches revealing that the bentonite is formed in a large proportion for montmorillonite (> 90%) [20, 21] . 5 In order to purify the montmorillonite fraction, the bentonite was collected by sedimentation. Then, the montmorillonite fraction was treated with a satured solution of NaCl during 1 day leading to the Na-montmorillonite.
PCHs were prepared by means of the following synthetic procedure. 7.5 g of the starting montmorillonite was treated with a solution of 27 g of cetyltrimethylammonium bromide (CTMBr) (Aldrich) in 300 ml of pure n-propanol (anhydrous, 99.9% VWR).
After 3 days under stirring, the solution was filtered and washed with distilled water till neutral pH was reached. Then the solid was stirred in 750 ml of water during 24 h. After this time, a solution of 2.7 g of hexadecylamine (Aldrich), used as co-surfactant, in 75 ml of n-propanol solution was added and stirred for 24 h. The Si-pillars located between the layers of montmorillonite were generated by the incorporation of a solution of 33.3 ml tetraethylorthosilicate (TEOS), as silicon source, dissolved in n-propanol (50% vol.).
The obtained gel was stirred during 72 hours and then was filtered and washed with water and ethanol and dried at 60 ºC in air for 12 h. Finally the surfactant was removed by the calcination at 550 ºC with a rate of 1 ºCmin -1 during 6 hours [18] .
Vanadium oxides species were incorporated to the PCH using ammonium metavanadate (Aldrich) as precursor by the wet-impregnation method and dried at 60 ºC overnight. Finally, all the samples were calcined at 500 ºC for 4 h under air flow. The samples were labeled as PCH-xV, where x is refers to the vanadium loading wt.% on the support in a range of 2-16wt. %.
Catalyst characterization
Powder patterns for the samples were collected on a X'Pert Pro MPD automated diffractometer (PANalytical B.V.) equipped with a Ge (111) Raman spectra were recorded in ambient conditions using a Renishaw system 1000 "in via" attached to a microscope. An argon ion laser (785 nm) was used as the excitation source and was typically operated at a power of 20 mW. Spectra were collected using a backscattering geometry with a 180º angle between the illuminating and the collected radiation.
Temperature-programmed reduction with H2 (H2-TPR) experiments were carried out using 0.08 g of freshly calcined catalyst placed in U-shaped quartz reactor inside a tubular oven. In order to remove any contaminant, the powders were pre-treated with helium (50 cm 1256.6 eV) with a multi-channel detector. Spectra of pelletized samples were recorded in the constant pass energy mode at 29.35 eV, using a 720 µm diameter analysis area.
Charge referencing was measured against adventitious carbon (C 1s at 284.8 eV). A PHI ACCESS ESCA-V6.0 F software package was used for acquisition and data analysis. A Shirley-type background was subtracted from the signals. Recorded spectra were always fitted using Gaussian-Lorentzian curves in order to determine the binding energies of the different element core levels more accurately.
Catalytic tests
Catalytic tests were carried out at atmospheric pressure in a fixed-bed quartz tubular flow reactor, at 180 ºC. A catalyst weight of 0.05g was mixed with silicon carbide as inert to obtain an adequate bed height to quench the possible homogeneous reactions. A feed mixture composed of H2S/Air/He with molar composition of 1.2/5.0/93.8 and a total flow of 130 ml min -1 was passed through the reactor. Analysis of reactants and products was carried out on-line by gas chromatography using two different chromatographic columns, i.e. Molecular Sieve 5Å and Porapak T [12] .
RESULTS AND DISCUSSION
Catalyst Characterization
X-ray diffraction
The diffractogram of the raw bentonite is shown in Supplementary Information.
As was indicated in previous works [18, 20, 21] , the main mineralogical component is 8 montmorillonite. Moreover it is noticeable the presence of minor amounts of plagioclase, cristobalite, calcite and almost undetectable amount of quartz [20, 21] .
After the purification and the formation of the PCH structure, the diffractogram 
Textural properties
Adsorption-desorption N2 isotherms and pore size distributions of PCH-xV catalysts are summarized in Table 1 and Supplementary Information. According to the IUPAC classification [22] and refined by Rouquerol et al. [23] , PCH exhibits a type II ) which indicates the formation of a well-defined porous structure. The isotherm reveals that this support exhibits mainly a microporous framework which indicates that this material could be a potential support for small molecule model such as H2S.
The incorporation of vanadium species provokes a decrease of the surface area and the pore volume mainly by a blockage of the micro-and mesoporous structure, while the macroporosity attributed to inter-particle spaces remains unaltered (Table 1 and Supplementary Information).
Raman spectroscopy
Raman spectra of catalysts in ambient conditions are shown in Figure 2 . These bands refer to the vibrational modes of crystalline V2O5 [24, 25] . However, the samples with V-loading lower than 8wt.% of V do not present bands, which suggests a high dispersion of the active phase over PCH. These results are similar to that observed in XRD.
Diffuse reflectance UV-vis 10
Diffuse reflectance UV-vis spectra of catalysts are compiled in Figure 3A 
H2-TPR
The dispersion of the vanadium oxide species has been studied through H2-TPR profiles ( Figure 3B ). As was described in previous works, all catalysts only show a broad signal ascribed to the reduction of the V 5+ species to V 3+ , which is shifted progressively from 485 ºC for PCH-2V catalyst towards higher temperatures as the vanadium loading increases (555 ºC for PCH-16V). Nonetheless the reduction temperature is still lower than that of bulk V2O5, indicating that the particle size of V2O5 is a key factor in the reducibility of the vanadium species. Thus, the catalysts with small particles of V2O5 present a higher interaction with the support, favoring the reducibility than bulky ones [11, 27] .
3.1.6. XPS 11 In order to gain further insight into the surface composition of the fresh catalysts, XPS technique was employed. Table 2 XPS analyses were also used to determinate the vanadium content on the surface of the catalyst and the V/Si atomic ratio ( Table 2 ), revealing that vanadium content on the surface increases directly with the vanadium content incorporated. However, the catalysts with the higher vanadium loadings, PCH-12V and PCH-16V, the vanadium content remains unaltered, which could indicate that the dispersion of vanadium oxide decreases with the loading charge leading to a covering of the external surface of the catalyst, as was shown un XRD data and textural properties (Fig. 1B and Table 1) 3.2. Catalytic tests in partial oxidation of H2S However, the initial catalysts decay is more appreciable over catalysts with V-content lower than 8wt%. On the other hand, it can be seen how the conversion of H2S increases with the vanadium content, reaching the higher conversion values for PCH-12V
catalyst. The use of higher V-contain (PCH-16V) maintains the conversion values unaltered. So, when V2O5 crystallites are formed the activity in these materials is similar, although if we compared with the conversion of V2O5 pure [11] the vanadium supported are more active than bulk V2O5.
The trend of sulfur yield for PCH-V catalysts (Fig. 5B) is similar to that of H2S conversion, obtaining the highest yield values for PCH-12V catalyst, reaching a sulfur yield values close to 88% at the first minutes on stream. Figure 6 plots the variation of H2S conversion and sulfur selectivity over PCH-8V. For low H2S conversion the main product is sulfur, but the formation of combustion products (SO2) increases when increasing the H2S conversion.
DISCUSSION
In order to understand the performance of PCH-xV catalysts during the catalytic test, XRD, Raman spectroscopy, elemental analysis and XPS were carried out on the catalysts after the catalytic tests. 13 XRD patterns of spent catalysts (Figure 1) show that the diffraction lines ascribed to V2O5 species disappear, arising new diffraction lines about 21.3 and 27.7º assigned to V4O9 crystals (JCPDS: 23-720) after the catalytic test, mainly in the case of the catalysts with the highest V-loading, which indicates a partial reduction of V2O5 under catalytic conditions. Moreover it must be discarded the presence of more reduced crystalline phases such as VO2 or VOSO4 [30, 31] , although a prolonging treatment under this catalytic conditions can leads to the formation of more reduced species as VO2 [32] . It has been reported in the literature that V4O9 crystallites present a relative stability and high capacity to transport lattice oxygen in V4O9 improving the redox behavior of the catalytic system in the selective oxidation of H2S to elemental sulfur [11, 33] . Although V4O9 crystalline phase presents stability, this phase can be reoxidized to V2O5 by the air contact. Finally, it is noticeable the presence of a small and noisy diffraction line located about 23.1º (JCPDS: 8-247) for the spent catalysts with a higher V-content, which is ascribed to the formation of small elementary sulfur crystals.
V4O9 has been characterized in the literature using Raman Spectroscopy [11, 12, 34] , so the formation of this specie find by XRD has been also characterized by Raman also. Figure 2 show the Raman spectrum of the spent PCH-16V catalyst. After catalytic tests the Raman spectrum is modified. The band which indicate the presence of crystalline V2O5 disappearing and a new band centered at ca. 900 cm -1 is observed. This spectrum is similar to one reported supported [34] and unsupported [12] vanadium oxide catalysts, so this band can be assigned to the formation of V4O9 crystallites during the partial oxidation of H2S at 180 ºC.
The modification and formation of new species was also evaluated by XPS analyses ( Table 2 ). The core level S 2p signal for spent catalysts ( Figure 7A ) show two 14 contributions for S 2p3/2 region located at 163.3-163.7 eV and 168.3-168.6 eV attributed to elemental sulfur and sulfate species, respectively [11, 29] . The spent catalysts with the lower vanadium loading present higher sulfur contents on the surface of the catalysts.
Moreover the contribution ascribed to elemental sulfur is higher than the contribution of sulfate species. In the case of the catalysts with the higher vanadium content, the sulfur content on the surface is lower and the sulfate species is the main contribution. These species increases, although in a similar proportion for all catalysts, due to the formation of V4O9 crystallites on the surface of the catalyst during the catalytic test, as was revealed in the XRD data of the spent catalysts ( Figure 7B ), which has been proposed as active and selective phase in the hydrogen sulfide oxidation to sulfur over these catalysts [11] . The dispersion of the vanadium species can be evaluated from V/(Al+Si) atomic ratio (Table 2) . Thus, the catalysts with a lower V-content exhibit minor V/(Si+Al) ratio after the catalytic test due to these catalysts present a higher sulfur content which can cover the surface of the catalyst, diminishing the number of available active centers for the selective oxidation of the H2S and leading to the deactivation of the catalyst with the time on stream. However, the catalysts with a 15 higher V-content present an increase of the available vanadium species on the surface of the catalyst after the catalytic test, which suggests a possible nucleation and/or migration of the vanadate species to the surface of the catalyst. Moreover these species are covered in a lower proportion by sulfur species leading that together with the major amount of available active sites leads catalytic systems with a high activity and stability.
CONCLUSIONS
It has been synthesized a porous clay heterostructure (PCH) by the expanding of the basal spacing and formation of pillars between the montmorillonite sheets leading to a material with a high surface area with interesting properties as catalytic support.
Vanadium oxide supported on PCH has been tested in the partial oxidation of H2S to elemental sulfur showing be active and a highly selective to elemental sulfur.
The catalytic behavior and catalytic stability is directly correlated with the vanadium content. Thus, the catalysts with lower vanadium content suffer a deactivation process with the time on stream, while the catalysts with higher vanadium content exhibit a higher resistance to the deactivation. Although the incorporation of higher vanadium content on the PCH produces a decrease of the specific surface area and pore volume, the formation of bigger V2O5 crystallites increases the catalytic stability.
The analysis of the spent catalysts have revealed the formation of partially reduced vanadium species in the form of V4O9 crystalline phase during the catalytic test, which seems to be the active and selective phase in the selective oxidation of the H2S according to the high stability and the redox properties of this phase.
